molecular transport phenomenon, in which a temperature gradient can cause a concentration difference. Implementing this method, high-purity hydrogen could be obtained by simply imposing a large temperature difference to the gas mixture. Such a temperature gradient can be induced by, for example, the exhausted heat emitted by a gas reformer and cooling in the gasification of liquefied natural gas (LNG). In addition, if the separation process can be performed under a large temperature difference at a miniaturized scale, a reduction in both separation time and separation distance can be realized.
Purpose of the study
In our laboratory, we developed a new method for refining the gas mixture of hydrogen and carbon dioxide utilizing the Soret effect. Hydrogen separation from the mixed gas because of the Soret effect was confirmed by using a stainless steel mini-tube in our previous study (Kuwatani, et al., 2012) . However, a relatively small mass flux induced by the Soret effect was observed; therefore, it was necessary to increase the hydrogen concentration by repeating the process in multiple steps.
Therefore, the aim of this study was to produce a prototype device for a multi-step separation by using connecting channels. In this study, micro-electromechanical system (MEMS) technology was used for the fabrication of a micro-channel device, and the performance of the device was preliminarily investigated in a single-step process.
Soret effect
The Soret effect refers to a molecular diffusion phenomenon where lighter molecules migrate to a high-temperature region, and heavier molecules migrate to low-temperature region; when the gas or liquid mixture is placed under temperature gradient. The Soret effect was actively investigated in 1950s and 1960s in relation to nuclear fuel engineering. Recently the Soret effect of liquid phase seems to be more concerned. However, in the field of cryogenics, the Soret effect of gases has been studied by some researchers (Nakano, et al., 2005 , 2007 , Iida, et al., 2009 ).
According to non-equilibrium thermodynamics, the molecular diffusion produces a concentration gradient, temperature gradient, pressure gradient, and difference of external force acting as driving force, which are usually defined as ordinary diffusion, thermal diffusion, pressure diffusion, and forced diffusion, respectively (Bird, et al., 1976) . Ordinary diffusion is molecular diffusion according to Fick's law, and the material flux usually extends from the high-concentration region to the low-concentration region, as shown in equation (1). Thermal diffusion is another name for the Soret effect, where the material flux moves to the high-temperature region, as shown in equation (2). Pressure diffusion rarely occurs unless a sudden pressure gradient is induced by, for instance, a centrifugal separator. Forced diffusion occurs when an external force, such as an electric field, acts on the system in addition to gravity, but will not be initiated by the effect of gravity alone. The material flux in gas or liquid mixture due to ordinary diffusion and thermal diffusion can be expressed as follows:
where c and are the molar density and mass density, respectively; M is molecular weight, is diffusion coefficient, x is molar fraction, is thermal diffusion ratio, T is absolute temperature, and Z is coordinate in the direction of gas separation. The subscript i indicates chemical species A and B.
When a temperature difference is applied to a gas mixture, concentration and temperature gradients are simultaneously produced, which result in Fick's and thermal diffusion, respectively. Therefore, the separation of gas components will be completed when the material fluxes expressed by equations (1) and (2) become equal. The separation concentration can be expressed in equation (3) as follows (Bird, et al., 1976) :
where ∆ is the concentration difference between the high-and low-temperature regions, which are denoted by subscripts as "hot" and "cool", respectively. In this study, the gas mixture was composed of hydrogen and carbon dioxide; low-molecular-weight hydrogen would migrate toward the high-temperature region, while high-molecular-weight carbon dioxide would migrate toward the low-temperature region, as shown in Fig.1 . The thermal diffusion ratio could change depending on the combination ratio of two components and the difference of the temperature. The influence of the temperature difference on the H 2 -CO 2 system was reported by Ibbs and Wakeman (Ibbs and Wakeman, 1932) . According to their study, the thermal diffusion ratio remained constant even under a relatively large temperature difference. When the temperature difference was in the order of several hundred degrees, the value of the thermal diffusion ratio was 0.0899 (Bastick, et al., 1939) . When the temperature is maintained at 450 °C in the heating region and 0 °C in the cooling region, Δx is determined to be 8.8 % in equation (3). Therefore, a concentration difference of 4%-5% between the high-and low-concentration regions can be estimated. 
Mini-tube channel
A mini-tube setup was used in the experiments. We designed a heating section in the lower part and a cooling section in the upper part of the mini-tube. The hydrogen gas was collected near the heating section through a branched tube that vertically joined the mini-tube. This setup with the branched tube was thought to extract gas with higher concentrations of hydrogen (Kuwatani, et al., 2012) . First, the channel was produced by using stainless steel tubes, and we then conducted experiments to confirm the occurrence of gas separation because of the Soret effect. The setup is schematically shown in Fig. 2 . The diameter of the branched tube was 0.7 mm and much less than that of the main tube. This is because the small branched tube could well introduce the hydrogen-rich thin gas layer near the heated wall. In this channel system, the cooling section spans over the entire upper surface of the main tube, and the heating section closely precedes the branched tube to produce a sudden change in temperature gradient. The heating and cooling sections are not present in the same length along the flow direction. Furthermore, the computational fluid dynamics (CFD) simulations suggested that, by placing the short heating section immediately before the branched tube, the sudden change in temperature gradient would be better to improve the gas separation performance. We think that this is because the sudden appearance of the heating section could give very large temperature gradient locally, and thus promote hydrogen separation well in the limited area due to the Soret effect. If the heating section is short, the local hydrogen-rich gas could be collected into the branched tube before the promoted separation disappears. The detailed mechanism needs to be studied further. 
Simulation of the Soret effect 4.1.1 Simulation model
We performed simulation study using numerical analysis software PHOENICS to examine the gas separation by implementing the Soret effect. Since the default model for the Soret effect was not incorporated in this software, an original model for the Soret effect was programmed in the laboratory. The analysis model is shown in Fig. 3 , and the simulation condition is shown in Table 1 . The circular shape of the real channel was approximated to be square in the numerical model for simplicity, where the side length of the square is equal to the diameter of the tube. To reproduce the experiment more precisely, the cross sectional area of the rectangular model should be equal to that of the circular tube in the experiment. In this simulation, however, to make the model simply and readily, the side length of the square is the same with the diameter of the tube. 2.4mm dia. Gas flow Gas flow
Gas flow
Gas(H 2 50% ,CO 2 50%) H 2 -rich gas 
Simulation result
The simulation result of gas separation is presented in Fig. 4 , and the velocity vectors are shown in Fig. 5 . These results were obtained at the flow rate of 20 ml/min. In these results, the high concentration (4.8 %) at the channel wall adjacent to the heating section and the low concentration (4.3 %) at the channel wall within the cooling section were predicted as the largest concentration differences. The high concentration (4.8 %) is depicted as area of 0.548 (= 0.5 + 0.048 (mole fraction)) and the low concentration (4.3 %) is as area of 0.457 (=0.5 -0.043) in Fig. 4 . However, a decrease in concentration difference caused by the remixing of high-concentration and low-concentration gas was found in each outlet tube. The remixing took place when the high-concentration gas was drawn to the lower branched part of the channel and the low-concentration gas was drawn to the outlet of the main channel. We think that the remixing caused a decrease of approximately half of the concentration difference between the heating and cooling sections. Thus, it is necessary to reduce the flow rate in the experiments to generate a thick concentration boundary layer. 
Experimental apparatus (Single process)
The experimental system is shown in Fig. 6 . The experimental condition is the same as in Table 1 , except that the inner and outer diameter of the main tube was 2.4 and 3.0 mm, respectively, and that the inner and outer diameter of the branched tube was 0.7 and 1.0 mm, respectively. The gas mixture at a controllable flow rate of 20-200 ml/min entered the channel from a gas cylinder where hydrogen and carbon dioxide were mixed approximately at 1:1 volume ratio. The temperature difference was imposed by the heating section at the lower part and the cooling section at the upper part of the channel, which enabled the occurrence of gas separation based on the Soret effect. The high-concentration hydrogen gas flowing toward the high-temperature region was collected from the branched tube, and the low-concentration carbon dioxide passing through the low-temperature region was collected from the main tube outlet. The separated gases were analyzed by gas chromatography to evaluate the gas separation result. Above the cooling section, a nonfreezing fluid was circulated at a constant temperature inside a thermostat chamber, and a pipe-shaped heater with a DC power supply was applied below the heating section.
Evaluation of the separation method
For evaluating the hydrogen separation process, we measured the amount of difference between the gas concentration at the branched tube outlet (i.e., high concentration) and that of the gas cylinder, and between the gas concentration at the main tube outlet (i.e., low concentration) and that of the gas cylinder. The results are plotted in Fig.  7 .
Experimental results
The experimental results are shown in Fig. 7 , from which the occurrence of gas separation because of the Soret effect can be confirmed. In addition, it was found that the gas separation was significantly improved at a smaller flow rate, especially at the rate less than 50 ml/min. This is because of the formation of a thick concentration boundary layer close to the channel wall at a relatively small flow rate. Therefore, we can assume that the gas flow close to the internal wall surface could avoid being remixed with the gas flow passing through the center part of the channel, and that the gas at each outlet is able to retain its concentration after separation.
However, even in the case where the highest concentration difference was obtained at a flow rate of 20 ml/min, the hydrogen concentration increased by 1.8 % in the higher-concentration region and decreased by 2.0 % in the lower concentration region, corresponding to a considerably small concentration difference. To obtain practical high-concentration hydrogen gas, for example, hydrogen concentration >90 %, a significantly increased final hydrogen concentration by using multiple connected channels to repeat the separation process is necessary (Wako, 2011) . Fig. 7 Hydrogen gas separation results using the stainless steel mini-tube system.
MEMS channel
As previously discussed, the concentration difference obtained from the mini-tube system was in the order of only several percent, which was extremely small even if the theoretical value determined by equation (3) could be approachable. Therefore, it is necessary to use multiple connected channels to repeat the separation in multi-steps to improve the final gas concentration. To achieve such an experimental setup, a large number of identical channels for multi-step gas separation are required. However, if the volume of the device is greatly enlarged, an increased energy consumption and total processing time could be a serious issue for its implementation. To tackle such issues, we proposed the use of MEMS technology for the channel production, where both space-saving and numbering-up of separation channels could be simultaneously realized. This is because the MEMS technology is capable of fabricating multiple channels in a patterned manner and further downsizing the device if required.
Channel outline
The outline of MEMS channel system is shown in Fig. 8 , and an optical image of the device is shown in Fig. 9 . This device was produced at the MEMS facility in the National Institute of Advanced Industrial Science and Technology at Tsukuba, Japan. As shown in Fig. 8 , the device consists of two TEMPAX glass plates and a silicon substrate, which is sandwiched between the glass substrates by anodic bonding. A 0.2-mm-deep channel was fabricated into the silicon substrate. Three through-holes were drilled into the upper glass to serve as inlets and outlets for lowand high-concentration gases. Another channel was fabricated into the lower glass substrate. We used the Teflon tubes for inflow and outflow of the gas. A screw-shaped part was attached to the tip of each tube, and it was inserted to the inlet or outlet adapter shown in Fig.9 .
In this study, we increased the width of the channel to improve the channel's cross-sectional area for obtaining a flow rate same as that in the mini-tube experiment. The top surface of the upper glass was cooled, and the bottom surface of the lower glass was heated to impose a temperature difference that allowed the high-concentration gas to be collected through the slit to the channel fabricated in the lower glass substrate. As mentioned in Section 4, the heating section should be narrower just in front of the slit, to promote the hydrogen separation. In this MEMS device, however, it was difficult to impose the localized heating because of the insulation of the lower glass plate, and the addition of the MEMS heater to the inner silicon substrate needed advanced technique and much cost. Therefore, we decided to simply heat the entire bottom surface of the lower glass in this study. 
Experimental result 5.2.1 Prediction of flow rates at the outlets
The flow velocity was predicted by using the CFD software PHOENICS. A 3D model was created excluding the Soret effect. The model prediction was generated to obtain the gas flow velocity at a constant ambient temperature. The details of the model are not shown here. The incorporation of the Soret effect model into this geometry is still under development.
The flow simulation indicated that the gas flow velocities at both outlets were approximately equal to each other, and that the hydrogen concentrations at the outlets were the same as well. The velocity profile in the horizontal plane at the middle height of the channel in the silicon substrate, is shown in Fig. 10 , which confirms that the inlet flow is divided equally through the slit into the two outlets. Thus, the device geometry itself did not give the biased volume ratio to the outlets, and the high-concentration gas was thought to be smoothly led to the lower outlet even under the occurrence of the Soret effect with heating/cooling condition. Fig. 10 The simulation result of flow velocity.
Gas separation experiment
After the CFD theoretical study, we performed gas separation experiments. The cooling region was set at the upper glass substrate, and the heating region was set at the lower glass substrate, which together initiated the Soret effect by the imposed temperature difference. Prior to the imposition of temperature difference, an experiment without using heating or cooling was performed to examine the initial separation condition. The results are shown in Fig.11 . Although a small difference in the inlet hydrogen concentration was present, the measured values of hydrogen concentration at two outlets were approximately equal to each other, within an experimental error of 0.1 %. The value 0.1 % here is not well investigated value, but the value that we thought from the data in Fig.11 . As long as the test run was the same, the concentrations at the two outlets were identical almost within this error. Note that the hydrogen concentration at the inlet, namely, that in the gas cylinder was 48.7 % in this case, which was different from that in Fig.6 and Fig.7 . This was because the hydrogen concentration was a little dependent on the gas cylinder. The setups for heating and cooling were basically similar to those in the experiment with the stainless mini-tube channel, but the shape of the heater was changed to flat one to increase the area for heating in the MEMS channel. Fig.11 Experimental results of gas separation using a MEMS channel device without temperature difference.
The gas separation results of the MEMS channel device under the imposed temperature difference are shown in Fig.  12 . The temperature difference was adjusted to be 80 °C, because the maximum heat-resistant temperature of the tube connector attached to this system was 80 °C. The results showed that the concentration difference was higher than 0.3%-0.4% at all flow rates. The occurrence of the gas separation process was evident when compared with the result from the experiment without temperature difference in Fig.11 . Therefore, we can claim that the gas separation was successfully activated by the Soret effect in our MEMS channel device under a small temperature difference such as 80 °C (Wako, et al., 2013) . It is reported that thermal diffusion ratio , which was mentioned in Section 3 could be as small as 0.0689 when the temperature difference was less than 145°C (Bastick, et al., 1939) . Therefore, the theoretical value of the concentration difference determined by equation (3) decreased to 1.8% under this condition. This is another reason for the obtained small gas concentration as shown in Fig. 12 under the small temperature difference. Table 2 summarizes the theoretical values of the gas concentration difference calculated in equation (3) and the corresponding experimental values using the stainless steel mini-tube and MEMS channel device developed in the present study. The experimental data were calculated at the flow rate of 20 ml/min. It is found that the experimental values of the concentration difference are approximately 30 %-40 % of the theoretical values for both the stainless steel tube and MEMS channel device. One of the reasons could be the gas remixing problem, where the high concentration gas was drawn towards the branched tube or channel, as mentioned in Section 4.1.2. Gas remixing could be prevented by substantially reducing the gas flow rate. However, this reduced flow rate could deteriorate the through put of the total separation process.
A MEMS channel device is capable of multi-step process without experiencing major technique issues. Based on the present results, we will investigate the advantages and performance of a two-step process in our future experiments, and meanwhile, explore alternative heat-resistant MEMS components that allow the use of a much larger temperature difference in the separation system. Fig. 12 Experimental results of the MEMS channel device for gas separation under a temperature difference of 80°C. 
Conclusion
We investigated a new method to separate gas components from a gas mixture by using the Soret effect. The preliminary experiments were carried out by using the gas mixture of hydrogen and carbon dioxide under an externally imposed temperature difference. Both stainless steel mini-tube system and an MEMS channel device were developed and tested in this study. In the case of the stainless steel mini-tube device, the theoretical value of the concentration difference was 8.8 %, whereas the CFD simulation predicted the difference to be 4 % -5 % under the temperature difference of 450 °C. The experimental result showed that the concentration difference was 3.8 % at the flow rate of 20 ml/min. MEMS technology has the potential to enable a multi-step separation process and to downsize the device for our future development. Therefore, by utilizing MEMS fabrication facilities, we produced a miniaturized channel device consisting of a structured silicon substrate and two glass plates for gas separation. In the case of the MEMS channel device, the theoretical value of concentration difference was 1.8 % under the experimental condition used for the MEMS channel device. The experimental results showed that the concentration difference was 0.6 % at the flow rate of 20 ml/min, which was relatively small mainly because of the small temperature difference of 80 °C. However, the results confirmed that the gas separation was successfully activated by the Soret effect with the use of our MEMS channel under such a small temperature difference.
Based on the MEMS results, a MEMS device consisting of multiple separation channels could be viable for obtaining practical high-concentration hydrogen gas in the future. We planned to investigate the performance of MEMS device that could enable two or three separation steps to increase the total concentration difference in our future experiment. 
